the treatment of choice for aneurysms in the pediatric population, although we have used combined endovascular/microsurgical procedures in complex cases. In the subset of aneurysms not amenable to direct microsurgical treatment or current endovascular therapies, cerebral revascularization and vessel sacrifice or trapping is a robust treatment alternative. [9] [10] [11] [12] 17 We sought to evaluate the outcomes of pediatric patients with complex aneurysms treated using this treatment strategy.
Methods

Patient Population
Between 1989 and 2013, we treated 27 pediatric patients (age < 18 years) with 29 aneurysms using cerebral revascularization either alone or in conjunction with endovascular or microsurgery at the Barrow Neurological Institute (Tables 1 and 2 ). Nineteen (70%) of the patients were male and 8 (30%) were female; their average age was 11.5 years (median 13; range 1-17 years). Medical records, results of neurological examinations, and radiographic studies were retrospectively reviewed. Preoperative and postoperative neurological function was evaluated using the Glasgow Outcome Scale (GOS).
Presentation
The most common presentation was that of symptoms related to mass effect, and these were the presenting symptoms in 11 (41%) of 27 patients. Other presentations included subarachnoid hemorrhage (SAH) in 5 patients (18%), transient ischemic attacks in 2 (7%), and seizures in 3 (11%). In 6 patients (22%), the aneurysms were incidental findings. Of patients with SAH, the Hunt and Hess grade was II in 2 patients and IV in 1 patient. Hunt and Hess grades were not available in 2 cases, including a 1-year-old child in whom a score could not be assigned. The Fisher classification was used to grade the degree of bleeding noted on the CT scan. The Fisher grade was 2 in 2 cases, 3 in 1 case, and 4 in 1 case. Three patients had undergone previous treatment for their aneurysms prior to referral, including endovascular coil embolization (1 case) and microsurgical treatment (2 cases).
Aneurysm Location and Characteristics
The majority of the aneurysms were on the left side (21 [72.4%] of 29). There were 2 basilar artery (BA) aneurysms (7% of the 29 lesions). There were 14 giant (48%) and 5 large aneurysms. Nineteen aneurysms (66%) were fusiform and 10 (34%) were saccular. Fourteen (48%) of the aneurysms were located along the middle cerebral artery (MCA), 7 (24%) along the internal carotid artery (ICA), 2 (7%) on the posterior cerebral artery (PCA), 2 (7%) on the anterior cerebral artery (ACA), 2 (7%) on the basilar artery (BA), 1 (3%) at the vertebrobasilar junction (VBJ), and 1 (3%) on the vertebral artery (VA). * ECA = external carotid artery; ICA = internal carotid artery; MCA = middle cerebral artery; OA = occipital artery; PCA = posterior cerebral artery; RAG = radial artery graft; STA = superficial temporal artery; SVG = saphenous vein graft.
Diagnostic Evaluation
All patients were evaluated using digital subtraction angiography, CT angiography, or MR angiography. Balloon test occlusion was not routinely performed.
Treatment Paradigm
All patients underwent microsurgical exploration with the goal of direct clipping or clip reconstruction of their aneurysms. If at the time of intraoperative evaluation the surgeon concluded that direct clipping was not possible, a microvascular bypass was performed, followed by occlusion of the parent vessel proximal or distal to the aneurysm, trapping, or trapping and excision of the aneurysm. Before the procedure, patients were treated with aspirin (81 mg/day), with the dosage continued postoperatively. Some of our patients received intravenous administration of heparin postoperatively to prevent sudden thrombosis of aneurysms. Electroencephalographic monitoring was conducted intraoperatively. We perform revascularization procedures under mild hypothermia (33°-34°C) and barbiturate protection. Evaluation of the bypass patency was done using intraoperative angiography or, more recently, using indocyanine green videoangiography. Postoperatively, digital subtraction angiography or CT angiography was used to evaluate the aneurysm and bypass patency.
Aneurysms were treated by proximal vessel clip occlusion (n = 10), clipping of the aneurysm (n = 4), distal clip occlusion (n = 1), trapping (n = 2), excision (n = 4), coil embolization (n = 2), and other interventions in an additional 3 patients. In 3 patients the aneurysms thrombosed after the bypass procedure and additional interventions were not necessary.
Results
Bypass Procedures and Patency
A total of 28 revascularization procedures were performed. Revascularization was performed with superficial temporal artery (STA) to MCA bypass (n = 6), STA to PCA bypass (n = 1), occipital artery (OA) to PCA bypass (n = 1), extracranial-intracranial (EC-IC) bypass using a radial artery graft (n = 3), EC-IC bypass using a saphenous vein graft (n = 7), STA onlay (n = 3), end-toend anastomosis (n = 1), or in situ bypasses (n = 6). The in situ bypasses included an A3-A3, a posterior inferior cerebellar artery-posterior inferior cerebellar artery and 3 anterior temporal artery to MCA bypasses. The mean length of angiographic follow-up for patients with available follow-up (n = 13) was 49.6 months (range 1-232). During this period, graft occlusion was identified in 5 patients. Although intraoperative bypass patency was observed and documented in every case, data on long-term bypass patency were not available in 3 cases.
Aneurysm Outcomes
The majority of aneurysms (n = 24) were obliterated at follow-up (Table 3) . There was 1 case of residual aneurysm and 1 case of aneurysm recurrence. Follow-up angiography demonstrating aneurysm fate was not available in 3 cases. The case of residual aneurysm involved a fusiform BA lesion. The patient had a history of a fusiform ICA aneurysm that was successfully treated 2 years earlier. The patient with the aneurysm recurrence had a small but complex MCA aneurysm that was recalcitrant to multiple treatments including direct microsurgical repair, multiple endovascular coil embolizations, and revascularization and proximal vessel occlusion.
Complications and Outcomes
There were no cases of perioperative mortality. Long-term clinical follow-up (mean 61.9 months, range 1-232 months) was available in 20 cases and immediate postoperative follow-up was available in every case. Postoperatively, 25 patients (92%) had a good outcome (GOS score 4 or 5). There were 4 cases of postoperative ischemic stroke (Table 4) . Of these patients, 1 made a complete recovery (GOS score 5), 2 improved to be functionally independent (GOS score 4), and 1 patient remains dependent (GOS score 3) with hemiplegia and a facial droop. There were 5 cases of postoperative graft occlusion. Although none of these patients exhibited a cerebrovascular accident (CVA), 1 patient did experience permanent blindness. One patient suffered a postprocedural iliac pseudoaneurysm after endovascular treatment. 
Discussion
Pediatric aneurysms are relatively rare lesions. Available studies suggest that no more than 1% to 5% of aneurysms occur in children. 8, 14 As a result, data on the long-term outcome of various treatment modalities are limited. 5, 8, 14 Although the results of microsurgery for pediatric aneurysms have generally been good, there remains a subset of cases in which the aneurysms are not amenable to direct clipping, or clip reconstruction, and require complex techniques for management (Fig. 1) .
Recently several groups have described their experience with endovascular 2 or combined endovascular and microsurgical repair of complex aneurysms in the pediatric population. 1, 4, 16 These reports suggest that these treatment options are generally well tolerated and result in acceptable outcomes in the majority of patients, but the studies suffer from the effects of small sample size and relatively short follow-up.
While endovascular techniques are a well-accepted option for the treatment of aneurysms in adults, their use in pediatric populations poses additional concerns. Despite continued advances in endovascular techniques, the rate of retreatment for large and giant aneurysms remains high, 6 and the long-term risks of new devices, such as flow-diverting stents, remains to be defined in the pediatric population, where the projected life expectancy is in excess of 80 years.
In the current study, we review the clinical and angiographic outcome in a series of 27 consecutive pediatric patients with large or giant complex aneurysms treated at our institution. Our results indicate that bypass surgery combined with various methods of aneurysm exclusion is well tolerated and effective in this population. This treatment strategy was associated with an 83% rate of aneurysm obliteration and a good to excellent clinical outcome in 26 (96%) of 27 patients. At a mean follow-up of 46 months, we identified one case of recurrence requiring additional treatments and one case of a residual aneurysm. The case of recurrence requiring retreatment has been previously published. 1 This case highlights the importance of close follow-up in this patient population (Fig. 2) and underscores the likelihood that pediatric and adult aneurysms are associated with different pathological mechanisms.
Perioperative complications occurred in 7 of 28 operative procedures, but the majority of these resolved completely. Only 2 complications resulted in permanent deficits-one case of unilateral blindness and one case of a CVA with a permanent deficit. Other complications included 3 cases of CVA with temporary deficits, 1 case of neck hematoma, and 1 case of an iliac artery pseudoaneurysm after endovascular intervention. Our morbidity profile is comparable to those described in other reports of cerebral revascularization for complex aneurysms in the literature. The patient did not tolerate the test occlusion and developed hemianopsia within 2 minutes of the occlusion. The procedure was aborted and the patient was taken to the operative theater for revascularization of the distal PCA territory via an OA-PCA bypass. Angiography demonstrates the patency of the OA-PCA bypass (D). The patient subsequently underwent stent-assisted coil embolization of the aneurysm. Anteroposterior (E) and lateral (F) VA angiography revealed obliteration of the aneurysm without any residual lesion. The 6-month follow-up angiogram (G) demonstrates partial recanalization of the aneurysm (H) and maturation of the OA-PCA bypass. The patient underwent repeat coil embolization of the recanalized aneurysm. This case underscores the need for close follow-up, especially in children, given the high rates of recurrence with endovascular treatment of aneurysms. Post-treatment angiography (I) demonstrates obliteration of the aneurysm. At 24-month follow-up the patient was neurologically intact without evidence of change in the aneurysm.
